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ABSTRACT 


Many  new  adhesives  with  promising  capabilities  for  use  in  building  construction 
have  time-dependent  mechanical  properties.  Their  use  has  been  limited  primarily 
to  nonst ruc. tural  uses  due  to  lack  of  knowledge  about  these  properties.  This 
study  involved  developing  a  useful  test  method  to  evaluate  the  long-term 
strength  and  stiffness  of  flexible  adhesives,  and  exploring  some  methods  of 
evaluating  adhesive  time  dependency. 

A  versatile  test  apparatus  was  developed  for  this  purpose,  capable  of  producing 
creep,  stress  relaxation,  and  creep-rupture  strength  data.  A  feature  of  the 
apparatus  is  automated  collection  of  data  at  selected  intervals  in  a  format  for 
computer  processing.  Strain-time  data  from  preliminary  tests  of  five  adhesives 
were  analyzed  for  fit  to  algebraic  expression,  creep  modulus  verus  time, 
isochronous  stress-strain  behavior,  and  creep-rupture  strength.  Problems 
encountered  particularly  in  the  equipment  development  stages  are  described 
and  suggestions  made  for  future  improvements.  In  spite  of  the  experimental 
difficulties,  useful  data  were  collected  and  are  presented  in  a  format  useful 
to  designers  of  structures  that  use  flexible  adhesives  in  structural  joints. 
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A  test  apparatus  was  developed  to  evaluate  the  long  -  term 
stress  -  strain  behavior  of  relatively  flexible  adhesives. 
The  apparatus  was  designed  for  use  in  creep  and  creeo  - 
, rupture  testing  and  to  be  easily  convertible  to  stress  - 

Information  useful  to  design  engineers 
and  adhesive  formulators  can  be  obtained  with  this 
apparatus;  Preliminary  tests  revealed  relationships  between 
adhesive  creep  modulus  and  time,  evidence  of  a  yield  point 
through  isochronous  stress  -  strain  curves,  trends  in 
recovery  behavior,  and  the  creep  -  rupture  strength  of 
several  mastic  construction  adhesives  and  a  two  -  part 
polyurethane  adhesive.  Not  all  the  data  obtained  were 
useful.  Many  problems  arose  with  failure  of  the  electronic 
data  collection  system  in  the  development  stage.  These 
failures  were  mainly  related  to  manufacturing  defects 
however.  The  slip  gage  device  should  be  redesigned  to’ 
compensate  for  unwanted  adherend  movement  or  deformation 
The  data  collection  and  temperature  control  systems,  while 
operating  satisfactorily,  could  be  improved.  These  and  other 
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INTRODUCTION 


have  mechanicarprope«iertharder‘'d'’^^^''^^^  building  construction 

is  loaded.  Use  adhesives  :  ,h  ?i;e-dr:nd'%““^  -^hesive.\onded  .aL'ial 
primarily  to  nonstructural  purposes  oJ  properties  has  been  limited 

not  long-term  stiffness  or  strLgth  Other  short-term  stiffness 

properties  have  been  used  succesff.  time-dependent 

:o- t^n-.--  —  -  -  er-- 

"Pl'shl.®  p.“erf  (S/StaLT?  -3  Hoop  dl.pfc„„  „  „  2/ 

adhesives  less  stifra^d  Jesr^rn!  ®  developed  to  make  Le  of  “  ’ 

long-term  strength  and  long-term  stflf^ss^r  applications, 

presented  to  the  designer  in  meaningfll  be  evaluted  and 

adhesives  with  time-dependent  properties  in  buildr^  concept  of  using  flexible 
in  a  previous  report  (M ) .  building  construction  was  discussed 

Ob  1  active 

e'JrLarrrhriorrrrfsMSner:  TnTsl°ren"2'7f 

qualities.  At  the  present  time  there  is  n^  time-dependent 

describing  these  properties  of  adhesiv^  '"^bhod  for  measuring  or 

toward  that  end.  for  the  increased  use  of  adh^  •  Provide  a  start 

^.ses  improved  efficiency  of  vood^^^^nltndlnr.Llu;?^  construction 


Bibliography  at  tha^d^H  tha'’report!°'°  1"  the 


rae  method  described  here  is  useful  for  measuring  the  long-term  load-slin 

laJer^LsrsMirf^^^i’  stress-rupture  time  of  thick  adhesive 

.  ^  Strong  than  the  wood  that  is  bonded.  The  equipment 

jri’'  «“  results  t,»  sp'e“Lns 

exposed  to  temperatures  as  high  as  70°  C  (160°  F)  and  water  soakinp  With 

s  raple  modifications,  the  apparatus  can  be  converted  from  constant^stress 

^"1^0^10^01  't  configuration,  with  continual  automated 

monitoring  of  strain  or  stress  with  time. 

Terminology 

specimen  at  any  given  time.  In  creep  testing 
the  load  is  a  constant  or  dead  load.  ^  sting, 

l^^ar  stress. -The  stress  component  tangential  to  the  plane  on  which  the  forces 
^reep  strain.— The  total  strain  at  any  given  time  produced  by  the  applied 

;  nL"rHf:i 'Sir----' - 

lects  current  plastics  engineering  usage  and  will  be  used  in  this  report. 


stress  that  will  cause  fracture  in  a  specimen 
under  dead  load  in  a  specified  time  and  environment. 

^yess-straln  diagram.— A  diagram  in  i,?hich  corresponding  values  of  stress  and 
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igare  1  .  —  Individual  creep  test  chamber  showing  load  cell  at  the  too  nor^«  f 

(M  145  895) 


EQUIPMENT  DEVELOPMENT 


Creep  Test  Chamhpr 

Sd  deaf  lonn'  f  f  ^  dead-load  test  facility  Is  the  individual  envlrortmental 
and  dead-load  chamber.  Each  chamber  supplies  relatively  constant  load 

forcf f to  the  specimen  within  it.  Loads  up  to  100  kilograms 
^  applied  directly  or  up  to  1,000  kgf  by  a  iLer.  Temperature 

controlled  from  ambient  room  conditions  23  +  1“  c 
coltToheV  ZoTJr  -  individual  hefers-af  a 

f  ‘’“ilt  and  installed  five  to  a 

bench  on  four  benches,  as  shown  in  figure  2.  Each  test  unit  is  constructed 

of  6-lnch  Standard  405  type  6061-T6  seamless  aluminum  pipe,  with  1/2-lnch-thick 

11  5-inch  5ef  t  r  diameter  of  approximately  6  inches,  and  a 

f  tot  f  f  ^  for  testing.  Blueprint  drawings  of  the  chamber  and 

support  bench  are  supplied  in  Appendix  A. 

1 .  Load 


“*  't.a.bet  by  a  tod  axtoadlng  fro.  cha  top 

ao^rfL"id„€rb^1i'  a«s.f:o‘;L“o;^;  rt‘La^^ 

oo;s::to'““?s  'ta?„;:L"a‘L?  ’ib.“'t:L.„d„g 

-  r^d-ad^L^^d-  3r~^r 

posltlonad  tLard  ihe  rfa?'o“i;ch''bLS''so  t“‘'"!;  oSd  orLcfILarCth. 

ba^rCfir  4I)  Thff  ‘  f""'  of  '“h 

oreacb  lf;a  “  ;  th^t  aUh^TJS-t"  ‘"ol  yS't"?  ’’“““■f  ^ 

actual  d„d  aalght  can  brachlciL  ’  P° 

A  movable  jack  platform  was  constructed  to  facilitate  ImHino  f<,to 
smoothly  and  simultaneously.  The  jack  arrangemft  shof lillgure  sToTsTsls 
of  a  lower  platform  on  4-inch  hard  swivel  casters,  a  1.5-ton  hyfLlirtck 
wfded  tf  f  platform  to  hold  the  weight  pans.  The  bottom  of  the  jack  is  ’ 

s  :  s  fd"  p‘r:L-;r- 

a^r35~  ^.:?atL“bt‘r?o^?L-»" 
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Figure  24-'^Five  test  chambers  mounted  on  a  bench  capable  of  supporting  their 
dead  load.  The  chamber  at  the  upper  right  is  enclosed  in  an  individual 
insulated  box  for  testing  at  an  elevated  temperature. 

(M  1A5  894) 
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A 

DIRECT 
DEAD  LOAD 


FRONT- 


3. 

LEVER 
DEAD  LOAD 


Figure  4.-  Schematic  drawing  of  test  chamber  in:  A 
dead  load)  bench  position  with  easy  access  to  the 
rear  (lever  dead  load)  bench  position  maintaining 
weight  pans. 

(M  146  257) 


,  the  forward  (direc 
weight  pans:  B,  the 
easy  access  to  the 
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ack  platform  f< 


vv^s.-.  r„ 


i‘7^lli  l^ZiT  [‘"“L"  '•  T  «■•  -is'.'  »a«s  o£ 

failure- occuL.  ’  adjoining  specimens  when 

2.  Hear 

<i«lg„  called  for^a  ladivLuS  c„::?e“J:e‘'”r"“eJ  '’r*”'*' 

cost  mounted,  a  compromise  was  necessary  Tncr!!^^  chamber.  However,  as 

for  five  chambers  with  a  variaKi  i..^'  "stead,  one  controller  was  used 

each  chamber  to  compensate  for  dJffIrLcfs  Srie^  controller  and 

A  second  modification  necessitaroH  M,  t-u-  neau  loss  among  the  chambe-'s. 

enclosure  for  the  five  units  instead' of compromise  was  a  common  insulated 

Each  five-unit  enclosure  was  supplied  with'a  fan'^to  helo^"*''^! enclosures, 
ture  inside  the  chambers.  (Note-  A  different  he  equalize  the  tempera- 

mats  would  be  preferabl.-  when  one  eon^  ^  heating  system  from  the  bonded 

But  this  comprLise  system  T'' 

to  Individually  insulated  cylinders  for  replicatf  teJtina  ^ 

voltage  supplied  to  each  iim>  ^  icate  testing.  By  adjusting  the 

maintained  within  1.0°  C.  ’  perature  spread  among  the  units  can  be 

cycle  is  ;cduci  .bLtTri-  ^=1“^,"'"“''’  ““  “  “«£coUcrs-  onfof? 

,»cl.g  was  by  a  surface  theclstor  borLTfo^a^^a^ro^-the^Md^ie^^sIX^i:” 

3.  Moisture 

ambLS^S!at^ve'ZiSt!''?h;sf  5ortra%f°clL^  """"" 

humidity  or  water-soak  tLrc=  a  !  are  closed  with  a  cork  during  high 
is  located  are  23°  C  (74°  K) 'and”’44rRH''Zhe''Z- the  room  where  tiie  apparatus 
n  at  49-  c  (120*  F)  and  4?  at  70-  C  (160"  n  t17,1  "  a'""  "“"““'7  '‘«P=  ^ 
wood  „,lsta„  contents  of  8,  2,  i,.  IbeJ-cons^lLL  tS^d'ey  “'rL^^SuSns. 

lllllnJiilll  T717V.ZII’  ■"«  ppppivcB 

The  water  level  in  the  SZZn.K  chambers  were  hooked  to  a  common  supply 
valve.  Each  cylZe^  hasZ  sJZ'i  -"polled  by  an  adjustable  floa^  " 
a  test.  A  pool  of  water  in  thl  LltZ\T  t  "'’"‘^^ed  during 

100%  RH  at  Lch  tempZZe  denZ  T  to 

against  vapor  losJ  Zsr^ondiZnZr  "  cylinders  are  sealed 

about  28%.  They  constitute  the  moist  teslToZitlon^. 

float  valvrL'sZirunUlZrwatS^Jevef  i“sZ^Z‘'Zmr^'^ 

the  water  level  Z  be  raiZ  aZe  Z  "n  cylinder  so 

bushing  restrains  the  shaft  from  latero/'^^  bottom.  The  linear  ball 

the  shaft  and  rubber!  maintain  the  seal  bet.yeen 
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Slip  Ga^e 


Figure  6  shows  the  aluminum  brackets  with  a  linear  variable  differential 
transformer  (LVDT)  comprising  the  slip  gage.  One  bracket  supporting  the 
LVDT  is  fastened  to  one  adherend  and  the  second  bracket,  attached  to  the 
LVDT  core,  is  fastened  to  the  second  adherend.  The  brackets  are  attached 
with  screws  and  the  LVDT  core  is  bonded  to  its  bracket  with  RTV  silicone 
to  eliminate  unwanted  lateral  movement. 

This  slip  gage  design  was  the  most  successful  single  L\T)T  gage  tested.  This 
gage.may  yield  erroneous  measurements  if  the  adherends  rotate  or  bend  signfi- 
cantly,  or  if  the  wood  changes  dimensionally  during  the  test.  It  is  possible 
that  a  more  intricate  gage  might  be  designed  to  eliminate  or  minimize  these 
effects;  however,  the  precise  machining  and  the  quantity  required,  20,  would 
have  been  prohibitive  in  this  exploratory  study.  The  approach  to  minimize 
slip  gage  errors  was  to: 

1.  Design  each  adhesive  specimen  to  eliminate  adherend  bending. 

2.  Test  each  specimen  for  rotation  before  accepting  it  as  a  creep 

specimen. 

3.  Carefully  condition  each  specimen  to  equilibrium  moisture  content 

in  its  creep  test  chamber  before  applying  the  load. 

The  procedure  for  designing  joints  and  a  special  two-transducer  slip  gage  for 
measuring  rotation  are  described  in  a  previous  report  (14).  Moisture  and 
temperature  equilibrium  were  assumed  when  the  slip  gage  LVDT  readings  remained 
constant  for  a  period  of  24  hours. 

1.  Displacement  Transducers 

The  adhesive  shear  deformation  was  measured  by  the  shear  displacement  or  slip  of 
the  specimen  adherends.  The  instrument  used  to  measure  slip  is  a  linear  variable 
differential  transformer  (LVDT)  manufactured  by  the  SRC  Division  of  Moxon,  Inc. 
The  LVDT  consists  of  a  sealed  body  and  a  movable  core.  Transducers  of  two 
sensitivities  were  selected:  Type  I  -  +  5.000  VDC  output  for  +1.27  mm 
(+0.050  in.)  core  displacement,  and  Type  II  -  +  5.000  VDC  output  for  +  2.54  mm 
(+  0.100  in.)  core  displacement.-  Both  types  have  0.1%  linearity.  Ten  of  each 
type  were  purchased  for  the  20  test  units.  The  original  equipment  design  called 
for  all  20  LVDT*s  to  be  hermetically  sealed  for  use  in  high  humidity,  or  immersed 
in  water;  however,  the  cost  of  hermetically  sealed  units  was  twice  the  standard  “ 
unit,  so  only  five  hermitcally  sealed  LVDT’s  of  each  sensitivity  were  purchased. 

Nineteen  volts  were  supplied  to  the  LVDT's  in  groups  of  10  by  two  identical 
precision  d.c.  power  supplies.  The  LVDT  input  and  output  voltages  were 
continuously  recorded  by  a  data  handler  and  collection  -.ys tern  described  later. 


W.lsiUit??.# 


IsA?' x4' 


Figure  6.— Aluminum  slip  gage  with  LVDT  mounted  on  a  thiok  ^Hh^r-  a  •  , 

creep  specimen.  The  bracket  supporting  the  LVDT  ?<=  f.  ^  ^'^^erend  single-lap  shear 

and  the  bracket  to  which  the  LVDT  core  is  attached  n  f  ^ight  adherend 

(M  145  896)  ®  attached  is  fastened  to  the  left  adherend. 
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2.  LVDT  Calibration 


Each  LVDT  was  calibrated  for  voltage  output  as  a  function  of  core  displacement 
and  input  supply  voltage.—  Two  sets  of  LVDT  output  voltage  measurements  were 
made  at  five  core  positions  with  a  given  input  voltage.  Then  the  procedure  was 
repeated  at  four  additional  voltages.  The  calibration  points  were: 

Type  I  LVDT 

Core  position  1.0,  0.5,  0,  -0.5,  -1.0  mm 
Input  voltage  16,  18,  20,  22,  24  VDC 

Type  II  LVDT 

Core  position  2.0,  1.0,  0,  -1.0,  -2.0  mm 
Input  voltage  16,  18,  20,  22,  24  VDC 

This  two-way  calibration  enabled  correction  of  the  LVDT  output  voltage  for  any 
short-  or  long-term  variation  in  the  input  voltage.  The  development  of  this 
correction  procedure  is  explained  in  Appendix  B.  The  final  equation  for 
accomplishing  the  correction  is  discussed  in  the  section  on  data  correction. 

Figures  7  and  8  show  the  two  calibration  plots  for  LVDT  output  voltage  (Vq) 
versus  core  position  (A),  and  output  voltage  versus  input  voltage  (V^). 

Load  Cells 

Load  cell  rings,  were  machined  from  type  6061-T6  seamless  aluminum  pipe.  Outside 
diameter  was  2.990  inch.  The  wall  thickness  of  the  rings  varied  with  load 
capacity,  0.126  inch  for  100  kgf  rings,  and  0.365  inch  for  1,000  kgf  capacity 
rings.  See  Appendix  A  for  more  details.  Four  phenolic-glass-foil  transducer- 
grade  strain  gages  were  bonded  to  the  inner  and  outer  walls  of  each  ring,  as 
shown  in  figure  9,  using  a  special  epoxy  adhesive  for  long-term  load  applications. 

The  gages  were  wired  to  form  a  Wheatstone  bridge  with  four  active  arms,  as  shown 
in  figure  9.  The  wiring  included  a  zeroing  or  balancing  potentiometer  and 
polarity  reversal  switch.  Load  applied  to  the  ."ing  changes  the  resistance  of 
the  gages.  The  resistance  change  is  additive  for  maximum  output.  The 
resistance  change  causes  a  voltage-current  change  in  the  direct  current  output 
side  of  the  bridge.  The  voltage  change  is  measured.  Most  of  the  load  cells 
produced  approximately  0.0160  VDC  output  under  full  scale  load  when  supplied 
with  a  10-volt  excitation.  In  conjunction  with  a  voltmeter  reading  to 
0.0001  vojt,  it  is  possible  to  resolve  0.625  and  6.25  kgf  with  the  100  kgf 
and  1,000  kgf  rings,  respectively. 

Data  Collection 

Data  from  the  displacement  transducers  is  fed  to  an  automatic  data  acquisition 
system  consisting  of  a  data  coupler,  analog  scanner,  digital  panel  voltmeter, 
day  counter,  and  digital  hours-minutes-seconds  clock. 

In  operation  the  system  records  the  day  and  time  and  then  sequentially  scans 
from  1  up  to  60  channels  of  input  data.  The  input  data  may  vary  from  -4.0000  VDC 

3/  Even  though  very  stable  pox^er  supplies  Xv-ere  used,  their  output  voltage 
drifts  over  the  long  time  period  of  a  creep  test.  After  determining  the  LV’DT 
input-output  voltage  coefficient,  the  computer  was  used  to  correct  each  LVDT 
output  reading  for  power  supply  drift. 


Figure  8.  —  Sample  calibration  plot  of  one  LVDT  voltage  outpu  )  as  a 
function  of  the  input  voltage  (V^)  and  the  change  in  the  relationship 
tiVo/dVi  as  a  function  of  the  core  position  (A). 

(M  146  251) 
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to  +  4.0000VDC.  The  scanner  will  read  40  channels  per  minute.  The  frequency 
of  scan  is  variable  from  1  minute  to  several  days.  Digitized  data  from  each 
channel  is  then  recorded  on  a  teletype.  Punched  paper  tape  output  is  also 
available  for  computer  processing. 

Originally  the  system  was  designed  to  use  all  60  channels,  recording  the  LVDT, 
load  cell,  and  thermocouple  outputs  of  each  test  unit.  For  various  reasons, 
this  design  was  not  practical.  The  present  system  is  Designed  to  read  the 
power  supply  voltage  to  each  LVDT  and  then  the  LVDT  output  for  each  test  unit 
in  turn.  This  particular  change  was  necessitated  by  power  supply  drift  over 
the  duration  of  the  creep  tests.  Recording  the  input  and  output  voltages  in 
this  fashion  allows  the  computer  to  correct  the  LVDT  output  according  to  its 
input  at  a  given  time  by  the  equation  provided  in  the  following  section. 

Figure  10  shows  a  single  teletype  recorded  scan  of  40  channels  (20  test  units). 

For  the  present  work,  direct  dead  loads  are  used  without  concern  for  the 
possibility  of  load  changing  during  test,  so  load  cell  output  is  not  recorded. 
Secondly,  the  thermocouple  output  would  require  additional  signal  amplification 
to  obtain  useful  resolution  with  the  +  4.0000  VDC  digit  panel  meter  of  the  data 
acquisition  system.  Continual  high  resolution  temperature  sensing  and  recording 
would  be  a  useful  feature  to  further  improve  this  system. 

Data  acquisition  systems  now  available,  provide  for  signal  amplification  and 
conversion  to  engineering  units  which  the  present  system  does  not. 

Calculation  of  Corrected 
Creep  Shear  Slip 

Tn  this  study  the  creep  shear  slip  is  assumed  equal  to  the  LVDT  core  displacement. 
The  core  displacement,  in  turn,  is  in  proportion  to  the  LVDT  voltage  output  at 
a  given  voltage  input,  as  shown  in  figure  7.  Thus: 


where : 

S  =  creep  shear  slip, 

\  =  core  displacement  from  start  (o)  to  some  time  (t), 

V^  =  LVDT  voltage  output  at  test  initiation, 

V^  =  LVDT  voltage  output  at  time  (t)yand 

b  =  regression  coefficient  from  the  relationship  V  =  a  +  bA. 

o  . 

But  because  the  input  voltage  may  vary  over  the  long  time  of  a  creep  test  and 

the  LVDT  output  voltage  is  a  direct  function  of  the  input  voltage  (i.e., 

~  ^  ^  voltage)  the  equation  below  was  developed  to  calculate 

the  creep  shear  slip  as  shown  in  Appendix  B. 
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Figure  10.— Teletype  record  of  the  time  of  data  collection  and  the  LVDT  input  and 
output  voltages  for  20  test  units.  The  number  31^140002  represents  the  day  and 
time,  i.e.,  316th  day,  14  hours  (2:00  p.m.),  00  minutes,  and  02  seconds.  The 
first  two  digits  of  the  remaining  numbers  indicate  the  data  channel.  Odd-numbered 
channels  are  LVDT  input  voltage.  The  following  even  channel  is  the  corresponding 
output  voltage.  The  (+)  or  (-)  signs  indicate  plus  or  minus  voltage.  Numbers 
following  these  signs  indicate  the  d.c.  voltage. 

(M  145  897)  _17_ 


where : 


0^  -  initial  voltage  output 

r 

°  i'litial  voltage  input 


Oj.  voltage  output  at  time  (t) 
=  voltage  input  at  time  (t) 
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EXPERIMENTAL 


Adhesives 


A  brief  summary  of  the  adhesive’s  physical ,  chemical,  and  mechanical  properties 
is  given  in  table  1. 

Adhesives  C,  A,*W,  and  M  are  commercially  available  mastic  adhesives  commonly 
used  in  building  construction.  Adhesives  C,  A,  and  W  have  been  certified  to 
meet  or  exceed  the  requirements  of  the  American  Plywood  Association  Specification 
AFG-01  for  use  in  the  Association’s  glued  floor  system.  Adhesive  D  is  commercially 
available,  and  used  in  industrial  applications  for  bonding  and  repair  of  metal, 
rubber,  cloth,  wood,  and  other  materials.  All  of  these  adhesives  form  a  cross- 
linked  molecui cr  network  soon  after  bonding. 

Test  Specimen 

The  key  to  accurate  measurement  of  the  stress-strain  behavior  of  adhesive 
layers  in  single  lap  joints  is  to  design  the  joint  to  minimize  stress 
concentrations  within  the  layer  under  load.  Stress  concentrations  are  less 
of  a  problem  in  long-term  tests  of  viscoelastic  adhesives  than  in  short-term 
tests,  since  they  will  be  relieved  with  time.  Still,  for  the  most  accurate 
results,  particularly  in  defining  the  early  portions  of  the  creep  and  recovery 
curves,  stress  concentrations  should  be  minimized.  This  can  be  done  by  designing 
the  joint  so  the  stress  uniformity  parameter  is  less  than  1.0  as  described  in 
an  earlier  report  (14) . 


where: 

G  =  short-term  adhesive  shear  modulus, 
t  =  adherend  thickness, 

n  =  adhesive  thickness, 

E  -  adherend  tensile  elastic  modulus,  and 

c  =  1/2  the  joint  overlap  length. 

The  earlier  report  describes  a  tension  lap  shear  specimen  with  standardized 
hard  maple  (Acer  saccharum.  Marsh)  adherends.  The  standard  adherer d  is 
20  mm  wide,  16  mm  thick,  and  must  have  a  specific  gravity  of  not  less  than 
0.65.  The  tensile  elastic  modulus  of  maple  at  a  specific  gravity  of  0.65  is 
approximately  12,600  MPa.  With  adherend  thickness  (t)  and  modulus  (E)  fixed 
and  an  estimate  of  the  adhesive  shear  modulus,  the  joint  overlap  length  and, 
if  need  be,  the  adhesive  layer  thickness  can  be  manipulated  to  produce  a  test 
specimen  with  the  desired  value. 
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Table  1.— Some  properties  of  adhesives 

used  in  this  study  ~  - - 


Adhesive 

designation 

Elastomer 

Liquid  vehicle 

Solids 

Shear  , 
modulus— 

Shear 

strength^' 

MPa 

MPa 

C 

Neoprene-phenolic 

Petroleum  distillate, 
acetone,  toluene 

53 

35 

8.4 

A 

Polyurethane 

(1-part) 

None 

99 

1.01 

2.42 

D 

Polyurethane 

(2-part) 

None 

99 

15.9 

2.90 

W 

Acrylic  latex 

Water 

40 

1.34 

3.10 

M 

Polyurethane 

(1-part) 

None 

99 

2.79 

3.33 

n  'yn  hi  shear  modulus  measured  at  23“  0-447 

0,20  MPa  cyclic  stress  (0.0667  Herz) . 

relative 

humidity  under  a 

2/  Strength  measured  at  23°  C-44%  relative  humidity 
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specimens  for  adhesives  listed  in  table  1  had  average  adhesive 
yer  thicknesses  as  follows:  Adhesive  C  -  0.5  mm,  A  -  0.5  mm,  D  -  0.6  mm, 
adhesive  M  -  0.3  mm.  Joint  overlap  lengths  of  20,  50,  20, 
in  each  cL^’  respectively,  satisfied  the  requirement  for  ^  less  than  1.0 

A  jig  described  in  the  earlier  report  (14)  was  used  to  control  adhesive  layer 
^ickness.  All  specimens  were  bonded  initially  with  a  50-mra  overlap  length 

See  TrTTl\t  shortened  by  sawing  equal  amounts  Som  the' 

tree  end  of  both  adherends. 


LoadinR  Procedure 

The  specimen  with  slip  gage  in  place  and  grips  and  tension  rods  attached  is 
p  ace  in  the  test  cylinder.  The  upper  tension  rod  passes  through  the  cylinder 

SnriraH  %  r''  ^  °"Sop  of  the  Sad  ceil.  Se 

and  thL  Sr  ^  position  near  the  maximum  retracted  position 

and  then  the  cylinder  cover  is  closed.  The  initial  voltage  output  of  the  LVDT 

cLrr  ThlsSsSSrS'^  periodically  for  24  hours  or  until  there  is  no  further 
Change.  This  is  best  done  by  using  the  automatic  data  collection  system. 

The  weight  pans  are  prepared  during  the  period  required  for  the  LVDT  to  reach 

Ifll  l.  t  r  chambers  for  attachment  to  the  lower  tension  cable 

SeieSr^Sf  r  carefuny  without  disturbing  the  specimen. 

arequlll^Lm  minutes  apart  will  reveal  if  the  LVDT  is  still 

In  the  present  test  setup,  the  data  handler  scans  40  channels  per  minute  It 
thus  requires  15  seconds  to  scan  a  replicate  of  five  specimens  (2  chanSis  per 

Usina”’^h^  Slight  error  built  into  the  early  creep  strain  readLgs 

sing  the  jack,  each  set  of  five  specimens  is  loaded  15  seconds  before  the 

specmen  in  the  set  is  scanned.  Thus  the  first  specimen  is  read  15  seconds 
after  loading  and  the  rifth  specimen  is  read  30  seconds  after  loading  The 
hydraulic  jack  platform  allows  the  load  to  ha  applied  smoothly  In  1  5  sLood.. 

Test  Environment 

23“  obtained  from  specimens  exposed  at 

C  and  44/^  relative  huniidity. 

Data  Processing 

period  after  loading,  readings  are  made  every  2  minutes  After 

f^o  e“o“r';h;  =5*"  5  or- 10  .;„«::-,„d“ftar 

24  Lnr^  H  %  frequency  is  changed  to  30  minutes.  Finally  after 

24  hours  the  frequency  is  reduced  to  once  every  hour. 
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a?  data  collected  is  processed  by  computer  in  three  steps: 

(1)  Error  search  and  edit.  (2)  Convert  LVDT  output  voltages  to  adhesive 

according  to  replicates  at  like  conditions,  and  attach 
an  Identifier  (3)  Convert  date-time  of  each  strain  to  minutes.  Optional 
steps  may  include  averaging  strains,  plotting  individual  or  average  stra'ns 
and  fitting  an  agnation  to  the  data  ot  varlons  calonLtl™^o£ 
time-dependent  behavior  based  on  the  data. 


Calculations 


Dead  load  _  Load 

shear  stress  ”  Bond  area 

Creep  rupture  _  Load 

stress  Bond  area 

Creep  modulus  =  —  x  M^^sive  layer  thickness 

Bond  area  Creep  shear  slip 

Fractional^  ^  ^  Unrecovered  strain 

recovery  Maximum  creep  strain 

Reduced  _  _ Recovery  time 

time  Preceding  creep  time 
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METHODS  OF  ANALYSIS  AND  RESULTS 


A  tracing  of  a  direct  computer  plot  of  the  creep  strain  and  recovery  versus 
time  is  shown  in  figure  11.  The  shape  of  the  creep  and  recovery  curves  shown 
is  characteristic  of  the  behavior  of  adhesive's  C,  D,  and  W,  Adhesive  A  had 
a  greater  instantaneous  elastic  strain  upon  loading  and  instantaneous  recovery 
upon  unloading.  Adhesive  A's  creep  and  recovery  were  less  time  dependent  than 
.the  other  adhesives. 

Curve  Fitting 

Since  it  is  not  feasible  to  conduct  creep  tests  for  time  periods  equal  to  the 
service  life  of  a  structure,  it  is  useful  to  fit  an  equation  to  the  data  for 
extrapolating  creep  behavior  beyond  economically  feasible  test  periods. 

Attempts  to  fit  equations  to  this  creep  data  were  moderately  successful  using 
the  power  law,  a  common  expression  for  creep  behavior,  as  the  starting  point. 


e(s)  =  As** 


(9) 


UTiere 


e(s)  ~  time-dependent  shear  slip, 

A  =  nonlinear  material  function  of  stress, 
s  =  time,  and 
p  =  material  function. 

This  equation  was  fitted  in  two  linearized  forms: 


and 


(10) 


log  y  -  log  a  +  b  log  x  +  ~ 
o  e  e  xm 


(11) 


where 

y  =  time- dependent  shear  slip, 
a,  b,  and  c  =  derived  material  constants, 
X  =  time  in  minutes,  and 
m  =  selected  exponent. 


These  equations  were  fit  to  sets  of  data  for  adhesives  A  and  D  in  two  segments- 
one  corresponding  to  the  creep  portion  and  the  other  to  recovery.  Each  set  was 
comprised  of  f:.ve  specimens.  For  adhesive  D,  the  starting  point  for  the  creep 
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equation  was  zero  strain,  and  for  the  recovery  equation  the  starting  point  was 
the  maximum  creep  strain.  Adhesive  A  had  large  instantaneous  elastic  strain 
upon  loading  or  removal  of  load.  This  instantaneous  strain  amounted  to 
approximately  0.3380  mm/mm  upon  loading  and  0.3580  mm/mm  upon  unloading.  For 
curve  fitting  then,  the  starting  point  for  the  creep  equation  was  0.3380;  for 
the  recovery  equation,  it  was  the  maximum  creep  st /ain  minus  0.3580.  For 
plotting,  the  instantaneous  strain  must  be  added  to  the  equation  result.  The^ 
fitted  equations  are  shown  in  table  2.  Three  equations  include  the  term  1 
found  to  Improve  the  fit  in  the  rapidly  changing  early  portions  of  the  curve. ^ 
Figure  12  shows  tracings  of  the  actual  curve  and  the  fitted  curve  for  adhesive  D 
at  0.74  MPa  constant  stress.  The  fit  of  adhesive  A  was  as  good,  while  adhe¬ 
sive  D  at  0.49  MPa  constant  stress  had  considerable  deviations  in  the  creep 
curve. 


Creep  Modulus 


In  the  absence  of  an  adequate,  simple  theory  to  explain  the  stress-strain 
behavior  of  nonlinear  viscoelastic  adhesives,  the  plastics  industry  has 
adopted  the  concept  of  creep  modulus  (_3,^) .  Creep  mod  ulus  is  calculated  the 
same  as  the  elastic  shear  modulus  (see  equation  (6))  except  that  the  strain  is 
time-dependent.  For  this  reason  creep  modulus  must  be  identified  by  time,  but 
this  should  not  present  a  problem  to  designers.  Wood  structure  designers 
currently  apply  design  factors  for  duration  of  load  (9).  The  designer  concerned 
with  a  snow  load,  for  example,  may  choose  a  creep  modulus  at  1  month.  This, 
of  course,  is  a  simplification  since  creep  modulus  must  also  be  related  to. 
temperature,  moisture,  and  possibly  fabrication  variables. 


Plots  of  creep  modulus  versus  time  not  only  provide  values  for  use  in  conventional 
design  equations  but  also  a  realistic  rank  of  materials,  fne  behaviors  of  five 
adhesives  from  this  study  are  compared  in  figure  13.  In  the  figure,  creep 
modulus  is  plotted  versus  time  for  convenience.  Adhesive  M’s  behavior  appears 
to  be  linearized  by  the  semilog  relationship:  (log  x  -  A).  The 

behavior  of  the  other  adhesives  is  not  linearized  by  the  semilog  transformation, 
but  fit  the  logarithmic-hyperbolic  relationship  used  by  Kinney  (5) : 


Q  _  A  +  B  log  X 
t  1  +  C  log  X 


(12) 


where 

=  creep  modulus, 

A,B,C  =  regression  coefficients,  and 
X  =  time  in  minutes. 

Fitted  coefficients  for  the  equation,  based  on  five  specimens  of  each  adhe¬ 
sive, are  shoira  in  table  3.  Adhesives  D  and  M  had  four  equations.  The  coefficients 
^or  adhesive  M  are  uniform  from  equation  to  equation;  adhesive  D’s  coefficients 
are  quite  variable  and  the  reason  for  the  variation  is  not  apparent.  The 
agreement  between  the  observed  and  predicted  values  was  excellent  in  all  cases. 

The  greatest  difference  was  0.06  MPa  but,  in  most  cases,  their  difference  ranged 
from  0  to  0.02  MPa. 
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•Table  2.  -mted  creep  and  recovery 


Adhesive  Stress 
level 


Equations 


0-2  Creep  y  =  +  0.1625  log  x)  1/ 

e  + 

Recovery  y  =  g ("2. 3207  4*  0.699  log  x)  2/ 

e  +  Y2- 

0.3  Creep  y  =  ^  0.2988  log  x) 

Recovery  y  =  g(~l-279  -  0.0321  log^x  +  (0.10328)^^  r  x^) 
P-2  Creep  y  =  g('*^-0598  +  0.2230  iog^x  +  (0.26744)^^  ~  x^) 
Recovery  y  e(”0'7394  -  0.1755  log^x  +  (0.10121)^^  t  x^) 


1./  Y  -  instantaneous  elasti 


1C  strain  upon  loading  =  0.3380. 


Y  **  instantaneous  elastic 


recovery  upon  unloading  =  0.3580. 
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Figure  12.  Observed  creep  strain  versus  time  curve  for  adhesive 
corresponding  to  the  fitted  equations  for  creep  and  recovery. 


and  a 


c  ur  ve 


elativi 
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Table  3- — Coefficients  for  logarithmic-hyperbola-  fitted  to 
the  creep  modulus  versus  time  data  of  several 
flexible  adhesives 


Adhesive 

Stress  level 

A 

B 

C 

MPa 

A 

0.37 

-0.1245 

-0.0869 

-0.5274 

C 

1.00 

-3.5789 

-0.0460 

-0.5189 

D 

•0.98 

-17.5030 

1.8194 

-1.4892 

1.23 

4.9080 

-0.8356 

0.0223 

1.47 

-19.1167 

2.7889 

-2.1236 

1.72 

-2.4096 

0.2067 

-0.7935 

M 

0.12 

2.4945 

-0.2478 

-0.0194 

0.37 

1.8546 

-0.1227 

-0.0198 

0.25 

1.9224 

-0.1698 

-0.0511 

0.98 

1.9417 

-0.1963 

-0.0326 

W 

o.io 

-0.1184 

0.0218 

-0.6806 

1/ 

Equation 

(12). 

Table  4 

. — Predicted  creep  modulus-^  of  several  flexible 

adhesives 

Creep 

modulus 

Adhesive 

Stress 

1  week 

2  months 

10  years 

50  years 

MPa 

MPa 

MPa 

MPa 

MPa 

A 

0.37 

0.43 

0.34 

0.28 

0.25 

C 

1.00 

3.50 

*2.39 

1.56 

1.18 

D 

0.98 

2.06 

1.30 

0,59 

0.19 

1.23 

1.44 

0.65 

-0.62i/ 

-1.792/ 

1.47 

1.06 

0.54 

0.03 

-0.261/ 

1.72 

0.73 

0.46 

0.23 

0.18 

M 

0.12 

1.63 

1.39 

0.95 

0.48 

0.25 

1.48 

1.38 

1.19 

0.99 

0.37 

1.56 

1.44 

1.19 

0.86 

0.98 

1.33 

1.15 

0.80 

0.40 

W 

0.10 

0.018 

0.004 

2/ 

-0.008- 

2/ 

-0.014- 

1^/  Based  on  behavior  observed  for  1-1/2  to  3  week  periods. 


2/  Values  less  than  zero  are  indicative  of  failure. 


ble  4  IS  an  example  of  how  creep  modulus  versus  time  data  might  be  presented 
for  use  by  a  designer  selecting  an  adhesive  for  a  structural  application.  In 
most  cases,  these  long-term  moduli  are  in  the  range  of  shear  modulus  values 
obtained  from  short-term  testing  at  low  stress  levels  but  elevated  temperature, 
study  failure  at  ambient  temperature,  as  reported  in  a  previous 

Isochronous  Stress-Strain 

The  isochronous  stress-strain  diagram,  as  defined  in  the  Terminology,  is  a 

ItvLl  attained  after  a  specific  time  under  a  constant 

stress.  The  diagram  may  be  generated  by  extracting  creep-strains  at  the 
specified  time  from  a  series  of  long-term  creep  curves  at  different  stress 
levels.  Alternatively,  the  diagram  may  be  generated  from  a  single  specimen 

«eep  and  recovery  experiments,  as  described  by 
lurner  The  experiment  entails  loading  the  specimen  to  a  low  stress 

level  in  a  universal  testing  machine,  holding  that  level  for  the  specified 
t.me,  and  then  releasing  the  load,  allowing  the  specimen  to  recover.  After 
a  recovery  period  equal  to  four  times  the  load  time,  the  specimen  is  loaded 
to  a  higher  stress  level.  The  experiment  is  repeated  at  increasing  stress 
levels  until  enough  points  are  available  to  plot  the  curve.  ^ 

isochronous  stress-strain  experiment  can  be  useful  in  several 
ays.  (1)  An  initial  isochronous  experiment  can  be  used  to  select  useful 
stress  levels  for  the  long-term  creep  experiments.  (2)  The  curve  may  reveal 

adhesive  at  some  stress.  (3)  It  is  a  useful  test  for 
adhesives  for  creep  resistance  in  a  specified  environment. 
v4)  Isochronous  experiments  can  be  used  to  check  the  accuracy  of  long-^ern, 

valuable  use  of  isochronous  data  is  to 

reuuce  the  number  of  long-term  creep  experiments  needed  to  define  an  adhesive's 

viscoelastic  response.)  (5)  Isochronous  curves  at  2  or  3  time  periods  can  be 
used  to  interpolate  between  creep  curves.  perioos  can  be 

Figure  14  presents  examples  of  isochronous  stress-strain  curves  for  four 
adhesives  at  23  C  obtained  by  applying  a  constant  stress  at  several  levels 
for  6  minutes  each  level,  and  24  minutes  recovery  between  stress  application 
Each  curve  represents  the  average  of  five  specimens.  The  yield  poJStroreach 

indicated  for  each  adhesive. 

Data  from  the  present  study  illustrates  points  2,  3,  and  4  above.  The  indicated 

ment  -  0*2  In  the  long-term  dead  loading  e^erl- 

ment,  all  the  specimens  loaded  to  a  stress  of  0.2  MPa,  or  greater,  failed. 

The  indicated  yield  point  for  adhesive  D  was  1.0  MPa.  Adhesive  D  had  numerous 
1  ures  a  ove  .0  MPa  stress  level  in  the  long-term  experiment  and  none  below. 

Attempts  to  check  the  validity  and  accuracy  of  the  long-term  experiment  were 
not  successful  due  . specimen  variability  and  because  different  specimens 
were  used  for  the  short-term  isochronous  experiment  and  for  long-term  creep. 

hort-term  isochronous  data  should  be  obtained  from  the  actual  creep  specimens 
before  the  creep  experiment  to  check  the  creep  data  accuracy. 


-30- 


Recovery  Behavior 


Turner  (16)  developed  a  simple  graphic  expression  for  the  ability  of  a 
viscoelastic  material  to  recover.  Figure  15  shows  the  recovery  behavior 
of  adhesives  M,  D,  and  C  expressed  by  this  method.  The  vertical  axis  is 
the  fraction  of  the  creep  strain  recovered  at  a  given  time.  The  horizontal 
axis  is  the  time  allowed  for  the  recovery  as  a  percetit  of  the  total  creep  time. 

The  maximum  recovery  time  in  these  experiments  only  equalled  the  creep  time 
(reduced  time  =1),.  Turner  recommends  that  recovery  should  be  allowed  to 
continue  for  a  period  equal  to  the  creep  time  (reduced  time  =  1)  but,  in  most 
cases,  reduced  time  need  not  exceed  4.  Theoretically »  the  curves  shown  in 
figure  15  should  extend  upward  to  the  right  and  approach  a  fractional  recovery 
of  1  asymptotically  at  longer  reduced  times.  However,  it  appears  that  reduced 
times  of  lO-^  or  10^  would  be  necessary  for  complete  recovery  of  adhesives  D 
and  C  under  these  experimental  conditions.  Turner  points  out  that  the  shape 
and  extent  of  the  curves  will  vary  with  the  stress  level  and  duration  of 
creep.  It  is  also  possible  these  adhesives  have  suffered  irrecoverable  creep. 
Adhesive  C,  in  particular,  which  appears  to  recover  very  slowly,  also  had  a 
characteristically  long  delay  time  before  reacting  to  the  applied  load  under 
these  load  and  environmental  conditions. 

Turner  (16)  describes  how  results  of  such  recovery  studies  used  in  conjunction 
with  standard  creep  data  can  be  used  to  predict  the  course  of  recovery  of  a 
material  after  the  removal  of  a  given  stress. 

Creep-Rupture  Strength 

The  stress  that  will  cause  failure  of  a  viscoelastic  laaterial  decreases  as 
the  duration  of  load  increases.  The  stress  that  causes  failure  at  a  given 
time  is  the  creep-rupture  strength.  Some  materials,  such  as  crosslinked 
adhesives,  may  not  fail  within  their  service  life  if  the  stress  is  below  a 
certain  level.  That  level  is  the  "endurance  limit."  Two  methods,  constant 
stress  and  constantly  increasing  stress,  have  been  used  to  predict  the 
endurance  limit. 

The  constantly  increasing  stress  or  Prot  method  (10)  tests  successive  specimens 
to  failure  at  successively  lower  i.ates  of  loading.  An  equation  fitted  to  the 
failure  stress  versus  rate  of  load  data  is  extrapolated  to  zero  rate  of  load. 
The  predicted  stress  at  zero  rate  of  load  is  the  endurance  limit.  The  Prot 
method  has  the  advantages  that  each  specimen  contributes  to  the  estimate  of 
the  endurance  limit  and  the  experimental  time  is  short.  As  yet,  no  theory 
has  been  offered  to  explain  this  relationship.  Nevertheless,  Lewis,  et  al.  (7) 
have  found  good  agreement  between  endurance  limits  determined  by  the  Prot  and^ 
constant  stress  methods. 

The  constant  stress  method  needs  no  justification.  Its  major  disadvantages 
are  long  experimental  times,  and  the  fact  that  only  the  weakest  specimens 
contribute  toward  defining  the  endurance  limit  at  stress  levels  approaching 
the  limit. 
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igure  15. — Fractional  recovery  (fraction  of  total  creep  strain  recovered)  versus 
reduced  time  (recovery  time  expressed  as  a  fraction  of  the  time  under  load) . 

M  146  249) 


The  present  creep  test  apparatus  could  be  adapted  to  the  Prot  test  by  the 
addition  of  a  shot  loading  or  other  mechanism  for  constantly  increasing  the 
stress.  The  apparatus  can  be  used  without  modification  for  constant  stress, 
testing. 

Sufficient  numbers  of  specimens  of  adhesives  D  and  W  failed  during  the 
present  long-term  constant  stress  testing  to  illustrate  the  creep-rupture 
versus  time  relationship  shown  in  figure  16.  All  adhesive  W  specimens 
loaded  above  the  0.1  MPa  stress  level  failed  so  those  data  points  represent 
five  specimens.  Adhesive  D  at  all  stress  levels,  and  adhesive  W  at  0.1  MPa, 
had  from  two  to  three  failures.  Thus  the  failure  times  of  these  failures 
represent  the  average  of  the  weaker  specimens  of  the  sample  population. 

From  figure  16,  adhesive  D  appears  to  have  an  endurance  limit  near  1.0  MPa. 
Coincidentally,  the  isochronous  stress-strain  test  of  adhesive  D  indicated  a 
yield  stress  f  1.0  MPa-  Adhesive  W  does  not  appear  to  have  aa  endurance 
limit  on  the  basis  of  the  limited  data  shown  here. 

Suggested  Tes.,  Program 

A  standard  method  for  conducting  creep  tests  of  adhesives  in  shear  has  not 
been  developed.  Excellent  guidelines  on  procedure  and  data  collection  are 
outlined  in  ASTM  D-2990  Q ) ,  and  Thomas  and  Turner  (17)  provide  a  wonderfully 
detailed  plan  for  creep  testing.  Their  report  is  well  worth  reading  for  its 
discussion  of  creep  test  philosophy  and  equipment  requirements  as  well  as  the 
detailed  outline  of  a  practical  test  procedure  to  determine  any  given  visco¬ 
elastic  relationship. 

A  program  of  tests  condensed  from  these  sources  and  based  on  environmental 
conditions  common  to  wood  structures  should  include  the  following: 

1.  Preliminary  strength  tests  at.  23®  C  -  44%  RH,  and  71®  C  -  c.mbient  RH, 
to  help  define  the  range  of  stress  levels  that  will  yield  useful 
information  in  stress-strain  and  creep  testing. 

2.  Preliminary  low-load  level  short-term  stress-strain  tests  of  each  creep 
test  specimen  at  standard  23  C,  44/o  RH,  to  screen  specimens  and  eliminate 
those  with  highly  variable  adhesive  layers. 

3.  An  abbreviated  6-minute  stress-strain  test  of  each  specimen  for’  the  creep 
test  at  the  creep  stress  test  level.  The  data  from  this  test  can  be  used 
to  check  the  accuracy  of  the  creep  test  result. 

4.  Three  to  five  creep  tests  on  separate  sets  of  specimens  at  various  stress 
levels  at  each  of  the  following  conditions:  23®  C,  44%  RH;  50®  C,  51%  RH; 
and  70®  C,  60%  RH.  To  evaluate  the  effects  of  moisture,  it  is  also  desirable 
to  conduct  at  least  three  creep-recovery  tests  at  23®  C,  87%  RH;  23®  C, 
water  soaked;  and  50®  C,  91%  RH.  The  tests  should  extend  to  4  months, 
including  a  recovery  period  at  least  as  long  as  the  time  under  load. 

5.  Two  or  more  curves  at  23  C,  44%  RH,  extending  to  1  year  and  one  curve  for 
3  years. 
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Based  on  past  experience  (13)  mastic  construction  adhesives  generally  will 
not  withstand  constant  stress  at  useful  design  levels  in  the  face  of  both 
maximum  temperature  and  moisture  70®  C,  water  soaked;  therefore,  while. such 
conditions  may  occur  in  a  structure,  tests  at  these  conditions  are  not' 
warranted . 


SUMMARY 


A  test  apparatus  was  developed  to  evaluate  the  long-term  stress-strain 
behavior  of  relatively  flexible  adhesives.  The  apparatus  was  designed  for 
use  in  creep  and  creep-rupture  testing,  and  to  be  easily  convertible  to 
stress-relaxation  testing.  Information  useful  to  design  engineers  and 
adhesive  formulators  can  be  obtained  with  this  apparatus.  Preliminary 
tests  revealed  relationships  between  adhesive  creep  modulus  and  time, 
evidence  of  a  yield  point  through  isochronous  stress-strain  curves,  trends 
in  recovery  behavior,  and  the  creep-rupture  strength  of  several  mastic 
construction  adhesives  and  a  two-part  polyurethane  adhesive. 

Not  all  the  data  obtained  were  useful.  Many  problems  arose  with  failure  of 
the  electronic  data  collection  system  in  the  development  stage.  These  failures 
x^^ere  mainly  related  to  manufacturing  defects,  however.  The  slip  gage  device 
for  measuring  adhesive  slip  should  be  redesigned  to  compensate  for  unwanted 
adherend  movement  or  deformation-  The  data  collection  and  temperature  control 
systems,  while  operating  satisfactorily,  could  be  improved-  These  and  other 
problems  are  discussed  and  suggestions  were  made  for  eliminating  or  minimizing 
them  in  future  experiments. 
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APPENDIX  A 


Details  of  the  Static  Loading  Apparatus 


STATIC  LOADING.  APPARATUS 


40 


APPENDIX  B 


Development  of  a  Procedure  to  Calculate  the  Creep  Shear  Slip 
When  Transducer  Input  Voltage  is  Variable 


If  the  input  voltage  to  the  LVDT  remained  perfectly  constant  during  the  duration 
of  the  creep  experiment,  the  core  position  at  any  time  would  be  simply  calculated 
by: 

A  =  —  -  a,  (see  fig.  7) 

0  i 


where: 


A  =  core  displacement » 

Vq  =  voltage  output  of  the  LVDT,  and 

^I’^l  ”  regression  constant  and  coefficient  for  V^  as  a  function  of  A. 

The  core  displacement  and  consequently  the  creep  shear  slip  at  any  time  (t)  would 
be  calculated  by: 


where: 


creep  shear  slip, 

core  displacement  between  the  time  of  initial  loading  (o)  and 
some  time  (t). 

But  for  various  reasons  the  voltage  supply  to  the  LVDT  is  likely  to  vary  or 
drift  over  the  relatively  long  time  periods  of  a  creep  test,  and  since  LVDT 
output  is  a  function  of  input  voltage  as  well  as  the  core  position,  it  will 
vary  with  time  and  cause  an  error  in  the  measured  creep  shear  slip.  This 
error  can  be  minimized  by  calibrating  the  LVDT  for  input  voltage. 


+  m2Vj 


(see  fig,  S) 


where: 


=  voltage  supplied  to  the  LVDT, 

=  the  regression  constant,  and  coefficient  for  V^  as  a  function  of  V^.. 


Then  establishing  (mp  the  change  in  the  ratio 
core  position: 


as  a  function  of  the 


^3  *”3^ 


(see  fig*  8  inset) 


it  is  possible  to  calculate  A  for  any  input  voltage  regardless  of  core  position 


or  the  core  displacement  (A  -  A  )  and  creep  shear  slip  (S)  can  be  calculated  by 

o  t 


But  if  32  is  assumed  =  to  zero  (actually  experimental  values  of  a^  ranged  I  com 

0  to  0.0053  with  most  values  less  than  0.0020)  then  the  corrected  creep  shear 
slip  may  be  simply  calculated  as 


L  =  V  y/v  and  m^  are  constants.  The  ratio  is  the  test 

°  V  1  V  "t 

variable  to  be  calculated  in  order  to  determine  the  corrected  slip  at  any  given 
time  of  the  creep  or  recovery  experiment. 
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